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Figure 1: Schematic description of default error model. The first 15 and last 15
bases of each sequence are represented by separate base substitution
matrices. Bases in the interior are assigned to a 31st matrix. This
schema is expected to capture differences in substitution probabilities
caused by ancient DNA damage (see e.g. Figs.12 and 13).
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Figure 2: Histogram of quality scores in ancient samples: The majority of bases
are of high-quality (Q ≥ 30). See Table 1 for a description of the
samples. Note that the maximum quality score is 40 in the Motala12
data and 60 for all other samples.
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Figure 4: Runtime in CPU minutes for estimates with and without reference bias
on simulated datasets. Wall clock time ranged from 23 to 83 minutes
parellelizing over 30 cores of a multi-core Intel Xeon server.
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without reference bias on simulated datasets. Note that the estimates
overlap almost perfectly between the runs with and without reference
bias so that points appear in light gray. Y-axis starts at 4GiB.
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Figure 7: Discordant genotype calls in Vindija 33.19 subsamples compared to the
full 30x coverage calls. Frequency of discordant genotypes is on a log-
scale. Colors indicate whether all genotypes were considered, or only
those with a genotype quality >30 or >50.
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Figure 11: Expected proportion of sites with at least 4-fold coverage in low-
coverage genomes according to the Lander-Waterman statistics.
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2 Tables

Group Name Coverage Reference

Neandertal Altai (from Denisova cave) 52x Prüfer et al. (2014)
Neandertal Vindija 33.19 30x Prüfer et al. (2017)
Modern human Loschbour 22x Lazaridis et al. (2014)
Neandertal Les Cottés Z4-1514 2.7x Hajdinjak et al. (2018)
Modern human Motala 12 2.4x Lazaridis et al. (2014)
Neandertal Goyet Q56-1 2.2x Hajdinjak et al. (2018)
Neandertal Mezmaiskaya 2 1.7x Hajdinjak et al. (2018)
Neandertal Vindija 87 1.3x Hajdinjak et al. (2018)
Neandertal Spy 94a 1.0x Hajdinjak et al. (2018)

Table 1: Datasets used in this study.

Cov. AC AG AT CG CT GT

3 0.0994 0.193 0.0979 0.0958 0.197 0.0977
4 0.0983 0.2045 0.1008 0.0977 0.2074 0.1056
5 0.0987 0.2035 0.105 0.1006 0.2051 0.092
6 0.1001 0.1973 0.1002 0.103 0.2035 0.0975
7 0.0998 0.2004 0.1001 0.1024 0.2083 0.1037
8 0.103 0.1964 0.1007 0.1014 0.1985 0.0961
9 0.0966 0.2057 0.0916 0.0972 0.1986 0.095
10 0.1039 0.1952 0.096 0.1 0.2053 0.1003
12 0.1051 0.2022 0.1 0.0949 0.2033 0.0989
15 0.0994 0.1985 0.1009 0.099 0.2003 0.1027
17 0.1014 0.2019 0.0992 0.0993 0.2026 0.0964
20 0.099 0.1939 0.1018 0.0998 0.2012 0.1031
25 0.1045 0.2009 0.0971 0.0964 0.2007 0.0986
30 0.0976 0.2051 0.1019 0.0974 0.2011 0.0976

Table 2: Simulated genotype frequencies (per 1000bp). Deviation from specified
parameters are due to the use of a pseudo random number generator
during simulation.
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Cov. AC AG AT CG CT GT

3 0.141943 0.487617 0.132684 0.217547 0.518872 0.145262
4 0.0978802 0.217037 0.106058 0.103366 0.207338 0.107778
5 0.0977911 0.19909 0.102525 0.0982538 0.213814 0.0922814
6 0.0982396 0.2003 0.100129 0.100975 0.2039 0.0957835
7 0.0994662 0.205249 0.099413 0.101335 0.211202 0.102465
8 0.102891 0.202079 0.100336 0.101366 0.195546 0.0962143
9 0.0961095 0.201015 0.0916744 0.0967756 0.198276 0.0956978
10 0.102898 0.195699 0.0955418 0.10141 0.209569 0.100444
12 0.105482 0.200895 0.100301 0.0951686 0.204228 0.0986684
15 0.0998465 0.199688 0.100235 0.0986095 0.199992 0.10304
17 0.101299 0.202168 0.0993153 0.0990021 0.201701 0.0962989
20 0.0985454 0.194164 0.101311 0.099694 0.200358 0.103154
25 0.104501 0.200799 0.0970826 0.0963994 0.200622 0.0985396
30 0.0976482 0.20494 0.101913 0.0973725 0.201186 0.0976336

Table 3: Estimated genotype frequencies (per 1000bp) from simulations (see Ta-
ble 2).

Genotype Simulated freq. Estimated freq. Exp-Obs/Exp

AC 0.10027 0.132199 -0.318
AG 0.19781 0.242159 -0.224
AT 0.10025 0.020440 0.7961
CG 0.10238 0.230882 -1.255
CT 0.19831 0.235709 -0.189
GT 0.10012 0.131489 -0.313

Table 4: Estimated genotype frequencies (per 1000bp) from a simulation with 100
million sites at exactly 3-fold coverage.

Genotype Simulated freq. Estimated freq. with Exp-Obs/Exp
true error rates

AC 9.94e-05 9.67491e-05 0.026669014084507
AG 0.000193 0.000178968 0.0727046632124353
AT 9.79e-05 9.88342e-05 -0.00954239019407561
CG 9.58e-05 9.81046e-05 -0.0240563674321503
CT 0.000197 0.000211775 -0.0750000000000001
GT 9.77e-05 0.000102151 -0.0455578300921188

Table 5: Genotype frequency estimates for 3x simulated coverage when true error
rates are given.
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Cov. AC AG AT CG CT GT

1 1.99e-4 7.38e-4 9.21e-5 2.66e-4 6.13e-4 2.00e-4
2 1.12e-4 2.00e-4 8.03e-5 9.77e-5 2.48e-4 9.92e-5
3 9.34e-5 2.06e-4 1.00e-4 1.03e-4 1.97e-4 1.03e-4

Table 6: Genotype frequency estimates for 1-3x simulated average coverage. In
contrast to the fixed coverage in the previous simulations, the simulated
coverage follows a poisson distribution. Each simulation encompasses 10
million simulated sites, including sites that had no coverage.

Cov. AC AG AT CG CT GT ref.bias

3 0.1071 0.2018 0.0989 0.094 0.1988 0.104 0.5511
4 0.0983 0.1951 0.1047 0.1017 0.199 0.098 0.5494
5 0.0983 0.1975 0.0975 0.0969 0.1965 0.1011 0.5461
6 0.096 0.203 0.0977 0.0977 0.1991 0.0996 0.5498
7 0.0993 0.1914 0.0976 0.1003 0.1969 0.0972 0.5464
8 0.0997 0.1981 0.0993 0.0992 0.201 0.0998 0.5475
9 0.1027 0.1996 0.0977 0.105 0.2007 0.097 0.5510
10 0.0958 0.2 0.0991 0.1047 0.2023 0.0966 0.5515
12 0.0976 0.2029 0.0985 0.0987 0.1966 0.0995 0.5508
15 0.0962 0.1955 0.0966 0.1 0.2036 0.1045 0.5501
17 0.1018 0.1918 0.0966 0.0953 0.202 0.0966 0.5503
20 0.1019 0.1963 0.0992 0.1039 0.1928 0.0958 0.5485
25 0.0964 0.2025 0.0946 0.0986 0.2072 0.1016 0.5488
30 0.0996 0.2049 0.1047 0.1009 0.1997 0.1044 0.5514

Table 7: Simulated genotype frequencies with reference bias (per 1000bp).
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Genotype Previous estimates Current estimates Exp-Obs/Exp

AC 0.02637483448 0.0266535 -0.0106
AG 0.08703966695 0.0871984 -0.0018
AT 0.02642543445 0.0267161 -0.0110
CG 0.02333611154 0.0235279 -0.0082
CT 0.08398376852 0.0839987 -0.0002
GT 0.02822805388 0.028621 -0.0139

Table 10: Vindija 33.19: previous and new genotype frequency estimates for 30x
chromosome 21. Previous estimates were based on an error rates de-
rived from comparing Vindija 33.19 sequences to the Altai Neandertal
genotypes, while the new procedure co-estimates the error. Genotype
frequencies are given per 1000bp.

Cov. AC AG AT CG CT GT

1 0.156481 1 0.099432 0.181886 1 0.148702
2 0.0235957 0.0915316 0.00995462 0.0212318 0.0902833 0.0243273
3 0.0194142 0.0793266 0.015004 0.0183244 0.0831413 0.0229132
4 0.0230869 0.0873542 0.0164465 0.0204864 0.0896604 0.0222243
5 0.022984 0.0841431 0.017246 0.0208929 0.0846063 0.0221146
6 0.0225169 0.0834912 0.016566 0.0198478 0.0836662 0.022483
7 0.0222535 0.0854938 0.0175251 0.0195863 0.0812381 0.022945
8 0.0218176 0.087055 0.0177506 0.0197764 0.0823211 0.0221323
9 0.0228057 0.0861142 0.0181263 0.0209766 0.0837547 0.0230667
10 0.0220717 0.0843099 0.0190784 0.0205518 0.0859023 0.0233493
12.5 0.0238188 0.0871949 0.0201923 0.0209605 0.0845151 0.0239949
15 0.0237837 0.0878583 0.020731 0.0214662 0.0845611 0.0245654
17.5 0.0247929 0.0860958 0.0219419 0.0216504 0.0842108 0.0253737
20 0.0241059 0.0887325 0.0234373 0.0222888 0.0844751 0.0255594
25 0.0260217 0.0867229 0.0250622 0.0230925 0.0845706 0.0275897
30 0.0266535 0.0871984 0.0267161 0.0235279 0.0839987 0.028621

Table 11: Estimated genotype frequencies (per 1000bp) for subsampled Vindija
33.19 data and full data (30-fold coverage) for Chromosome 21.
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Genotype Vindija 33.15 without ref.bias Vindija33.15 with ref.bias

AC 0.0266134 0.0287228
AG 0.0963167 0.109077
AT 0.0244506 0.0271335
CG 0.0233174 0.0246703
CT 0.0962895 0.110025
GT 0.0257977 0.0272471

Table 16: Vindija 33.15: genotype frequency estimates with and without refer-
ence bias. The estimated reference bias for the third column was 10.14%
(r = 0.6014). Genotype frequencies are given per 1000bp.
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Parameter No mapability map35 100

depth 1.83309693 0.859994221
fracMissing 0.44624482 0.728850233
fracTwoOrMore 0.55375518 0.271149767
pi(A) 0.233486339 0.217336017
pi(C) 0.245584846 0.262575431
pi(G) 0.262368764 0.283677311
pi(T) 0.258560051 0.236411241
theta MLE 0.00218729023 0.00123814321
theta C95 l 0.00177227373 0.000745217841
theta C95 u 0.00260230673 0.00173106857
LL -241726.674 -117295.226

Table 20: ATLAS’ genome-wide estimates of θ for Motala12 with and without
mapability track.
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3 Comparison to GATK and samtools

3.1 Altai Neandertal Chromosome 21

Previous analyses used GATK to call genotypes for the high-coverage Denisovan
and Altai Neandertal genomes (Meyer et al., 2012; Prüfer et al., 2014). Both
genomes were treated with an enzyme to remove most of the ancient DNA damage
(Briggs et al., 2010), leaving only the first and last two bases of sequences to carry
elevated C to T exchanges.

To test whether an earlier version of snpAD improves the genotypes for these
genomes, the calls of GATK were previously compared to those from snpAD for
the Altai Neandertal chromosome 21 (Prüfer et al., 2017). This chromosome
contains an ≈19Mb long region that appears nearly devoid of heterozygous sites.
The presence of such regions in the genome of the Altai Neandertal indicates
that the individuals parents were closely related (at the level of half-siblings),
causing long regions of homozygosity in the offspring (Prüfer et al., 2014). The
comparison of snpAD and GATK showed that snpAD calls a significantly smaller
fraction of heterozygous sites in the inbred region than GATK. Note that the in-
bred regions were discovered based on the GATK calls and are therefore expected
to be biased in favor of low heterozygosity in these calls.

Repeating this analysis, the Altai chromosome 21 was re-genotyped with the
latest snpAD version. As before, single and double stranded libraries were re-
garded separately. The software was otherwise run with default parameters. Both
GATK and snpAD calls were filtered according to the minimal recommended fil-
ters. Table 21 shows that snpAD continues to call a significantly lower fraction
of heterozygous sites in the inbred region, where few to no heterozygous sites are
expected (Fisher’s exact test p < 2× 10−9).

MapDamage can process bam files to lower the quality of bases that may be af-
fected by ancient DNA damage. To test whether this approach yields an improve-
ment, the quality scores in the Altai chromosome 21 bam file were rescaled with
mapDamage (version: 2.0.2-6-gdb9ad80) using the option --single-stranded

followed by genotyping with GATK as described before (Prüfer et al., 2014).
The number of heterozygous sites called by GATK are lower after rescaling than
without rescaling. Their distribution in inbred and non-inbred regions does not
differ significantly between rescaled GATK calls and GATK calls based on se-
quences where T’s at the first or last two positions were masked (p > 0.6). As
for the non-rescaled GATK calls, snpAD calls show a significantly smaller frac-
tion of heterozygous sites in inbred regions compared to the rescaled GATK calls
(p < 4× 10−8; Table 21).
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To test whether GATK calls could be improved by applying a genotype quality
cutoff (QUAL field), I tested increasing cutoffs (steps of 10) until the number of
rescaled GATK heterozygous sites for the inbred region were close to the number
of snpAD calls. At QUAL ≥ 590, GATK+mapDamage yielded 92 heterozygote
calls (QUAL≥600 yielded 90). However, this cutoff also led to a substantial
decrease in called heterozygotes outside of the inbred region (GATK called 35%
less heterozygotes compared to snpAD; see Table 21; Fisher’s exact test of ratios
p = 0.004). The difference between snpAD and GATK in called heterozygotes
between inbred and non-inbred region can thus not be eliminated by applying
quality cutoffs on GATK genotypes.

Genotype calls were also produced by running samtools (version: 1.3.1-21-
g874baf3) followed by bcftools (version: 1.4) with the options ”-c” (consensus
caller) or ”-m” (multiallelic caller). The samtools genotyping was run with and
without quality score rescaling using mapDamage. All VCFs were filtered using
the minimal recommended filters for the Altai Neandertal. No significant differ-
ence in the ratio of heterozyzgous calls within and outside of the inbred region
was detected in comparison to snpAD, indicating a similar quality of calls.

Genotyper inbred non-inbred p-value to snpAD

snpAD 91 2291 -
GATK 501 2689 < 2× 10−16

GATK∗ 206 2431 2× 10−9

GATK+mapDamage 191 2387 4× 10−8

GATK+mapDamage (QUAL≥590) 92 1497 4× 10−3

samtools (-c) 96 2293 0.78
samtools (-m) 84 2280 0.64
samtools+mapDamage (-c) 95 2298 0.82
samtools+mapDamage (-m) 88 2281 0.88

Table 21: GATK and samtools vs. snpAD heterozygous calls within and out-
side of an autozygous region on Altai chromosome 21. The region
spans bases chr21:17081807-35881807 in hg19 coordinates. Brackets
after samtools give the option used for calling with bcftools. Column
”p-value” shows the result of a Fisher’s exact test of the inbred/non-
inbred counts against the counts for snpAD. ∗ These calls for GATK
were based on a modified input file in which T’s at the first and last
two positions were masked (see also (Prüfer et al., 2017)).
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3.2 Vindja 33.19 Neandertal Chromosome 21

Due to the enzyme treatment, few erroneous C to T exchanges remain in the
sequences of the high-coverage Altai Neandertal. In contrast, only a quarter
of the high-coverage Vindija 33.19 Neandertal data come from enzyme treated
libraries, resulting in common C to T exchanges in the majority of sequences. To
test how the snpAD calls compare to those produced by other genotyper-software
for this more challenging dataset, I ran samtools and GATK with and without
mapDamage quality score rescaling on the chromosome 21 data of Vindija 33.19.
MapDamage rescaling was run separately for the data of treated and untreated
libraries using the option --single-stranded. All VCF files were restricted to
sites that pass the recommended minimum filters for Vindija 33.19 (Prüfer et al.,
2017).

Table 22 shows the number of called heterozygous sites for all runs together
with the transition/transversion (ts/tv) ratio of these sites. SnpAD yielded with
2.06 the lowest ts/tv ratio among all runs. Note that this value falls within the
range of ts/tv ratios observed for GATK calls of 25 modern human genomes of
diverse ancestry (1.95-2.17; A and B-panel from Meyer et al. (2012) and Prüfer
et al. (2014)). For the remaining genotypers, the calls with mapDamage rescaling
are consistently smaller in their ts/tv ratios than those without, indicating that
mapDamage is reducing the influence of C to T exchanges. However, even after
correction the ts/tv values fall outside of the range observed in present-day human
genomes, suggesting that the calls still contain a large number of errors due to
ancient DNA damage.

Genotyper AC AG AT CG CT GT ts/tv

snpAD 441 1638 335 390 1645 424 2.06
GATK 472 114789 370 406 115047 449 135.44
GATK+mapDamage 472 8496 370 406 8703 449 10.13
samtools (-c) 415 6188 287 376 6281 395 8.47
samtools+mapDamage (-c) 415 3927 288 376 3999 395 5.38
samtools (-m) 414 4363 284 375 4380 390 5.98
samtools+mapDamage (-m) 414 3022 285 374 3018 391 4.13

Table 22: GATK and samtools vs. snpAD heterozygous calls on Vindija 33.19
chromosome 21. Shown are the number of heterozygous calls for each
genotype. Column ts/tv gives the transition/transversion ratio. The
ts/tv ratio of snpAD is significantly lower than those of all other geno-
typers (Fisher’s exact test on the ts and tv counts: p < 2.2× 10−16 for
all pairwise tests)
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4 Comparison to ATLAS

ATLAS 1.0 was downloaded on 2017-11-23 from the authors github page (rev.
9b2390c). Conserved regions were downloaded according to the authors instruc-
tions and modified to fit the coordinates in bam files:

cat orig inal hg19 UCNE coord . bed |
sed −e ’ s /ˆ chr //g ’ > hg19 UCNE coord . bed

ATLAS was then run with the recal option using the following steps:

a t l a s task=estimatePMD bam=motala12 .bam \
f a s t a=hg19 evan /whole genome . f a \
l ength=25

a t l a s task=r e c a l bam=motala12 .bam \
pmdFile=motala12 PMD input Empiric . txt \
r e g i o n s=hg19 UCNE coord . bed verbose

a t l a s task=recalBAM bam=motala12 .bam \
r e c a l=mota la12 reca l ibrat ionEM . txt \
pmdFile=motala12 PMD input Empiric . txt \
f a s t a=hg19 evan /whole genome . f a \
withPMD maxOutQuality=42 verbose

The resulting recalibrated quality scores appeared to shift all quality scores to
values less than 10:
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Running ATLAS with the minDepth=2 option did not change the result.

A new version of ATLAS 1.0 was downloaded on 2018-03-15 (commit 49f1fea).
PMD estimation was run with the command:

a t l a s task=estimatePMD \
bam=motala12 .bam \
f a s t a=hg19 evan /whole genome . f a \
l ength=25

The command failed with the message ”Error: Length mismatch!”.

Using the previous estimates of the older ATLAS version for the estimatePMD
step, the following commands were run:
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a t l a s task=r e c a l bam=motala12 .bam \
pmdFile=motala12 PMD input Empiric . txt \
r e g i o n s=hg19 UCNE coord . bed verbose

a t l a s task=recalBAM bam=motala12 .bam \
r e c a l=mota la12 reca l ibrat ionEM . txt \
pmdFile=motala12 PMD input Empiric . txt \
f a s t a=hg19 evan /whole genome . f a withPMD \
maxOutQuality=42 verbose

The execution of recalBAM failed with the same message as before, but left an
indexable recalibrated bam file with a more reasonable quality score distribu-
tion:
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Genome-wide theta on the autosomes were estimated for all regions and for re-
gions passing a 35mer mapability filter (map35 100) that was used in the analysis
of the Altai Neandertal and Vindija Neandertal, and for all snpAD estimates in
this paper:

a t l a s task=est imateTheta bam=motala12 .bam \
pmdFile=motala12 PMD input Empiric . txt \
r e c a l=mota la12 reca l ibrat ionEM . txt \
thetaGenomeWide l imitChr=22 \
minDepth=2 verbose

a t l a s task=est imateTheta bam=motala12 .bam \
pmdFile=motala12 PMD input Empiric . txt \
r e c a l=mota la12 reca l ibrat ionEM . txt \
thetaGenomeWide l imitChr=22 \
r e g i o n s=h s 3 7 m f i l t 3 5 9 9 . bed . gz \
minDepth=2 verbose

The resulting estimates are shown in Table 20.
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